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Abstract
It is shown that the minimal left-right symmetric model admits cosmic
string and domain wall solutions. The cosmic strings arise when the SU(2)R
is broken and can either be destabilized at the electroweak scale or remain
stable through the subsequent breakdown to U(1)EM . The strings carry
zero modes of the neutrino fields. Two distinct domain wall configurations
exist above the electroweak phase transition and disappear after that. Their
destabilization provides new sources of non-equilibrium effects below the
electroweak scale which is relevant to baryogenesis.
I. INTRODUCTION
Topological defects are regions of trapped energy density which can be produced
at the time of cosmological phase transitions and survive after that if the topology
∗yajnik@niharika.phy.iitb.ernet.in
†hatem@ducos.ernet.in
‡debchou@mri.ernet.in
§sm@ducos.ernet.in
¶am@ducos.ernet.in
1
of the vacuum manifold of the theory is nontrivial. Typically, cosmological phase
transitions occur when a gauge symmetry of a particle physics theory is sponta-
neously broken. In that case, the cores of the topological defects formed are regions
in which the symmetry of the unbroken theory is restored. The defect formation
and stability conditions are as follows [1]. Consider the spontaneous symmetry
breaking of a group G down to a subgroup H of G. Topological defects, arising
according to the Kibble mechanism [1] when G breaks down to H , are classified in
terms of the homotopy groups of the vacuum manifold G/H [1, 2]. The relevant
homotopy groups are Πi(G/H), i = 0, 1, 2. If Πi(G/H) is nontrivial, topological
defects can form. For i = 0, 1 and 2, the defects are domain walls, cosmic strings
and monopoles respectively. We are typically interested in a scenario where H
breaks further to K. If Πi(G/K) is nontrivial, defects are possible in this second
stage of symmetry breakdown. Thus, if Πi(G/H) and Πi(G/K) (for some i) are
both nontrivial, the defect formed in the first stage persists in the second stage.
If, on the other hand, Πi(G/K) is trivial, then the corresponding defect does not
exist in the second stage. Thus, the defects formed in the breaking of G to H must
be unstable when H breaks to K. Cosmic strings can explain large scale structure,
anisotropies in cosmic microwave background radiation (CMBR), and part of the
baryon asymmetry of the universe [3, 4, 5, 6, 7]. Global monopoles can explain
structure formation in the universe. Domain walls and local monopoles, on the
other hand, if they exist, are potentially problematic. They would dominate the
energy density of the universe and overclose it [3, 8, 9, 10].
The problem of monopoles is especially serious since it is generic to grand
unification scenarios [9]. The popular solution based on the idea of inflation
cannot be implemented in the minimal grand unified theories (GUTs). Similarly,
to solve the domain wall problem [11], we require inflation to take place after the
phase transition that causes the production of these defects. This is difficult to
achieve in general.
Recently, a possible solution of the monopole problem was suggested [12],
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based on the possibility that unstable domain walls sweep away the monopoles.
The idea of symmetry nonrestoration at high temperature T [13, 14, 15] provides
a simple way out of the domain wall problem [16, 17]. Unfortunately, in case of
the monopole problem, the situation is far from clear [18]. In a recent paper, Bajic
et al [19] show that the monopole problem in grand unified theories as well as the
domain wall problem may be easily solved if the lepton number asymmetry in the
universe is large enough. In spite of the fact that domain walls are undesirable
objects, during their decay they can provide a departure from thermal equilibrium
which is one of the conditions for baryogenesis [20, 21, 22].
Currently, several unification schemes are being investigated in detail, specially
for their signatures in the planned particle accelerators. Some of the unification
schemes have interesting consequences for cosmology. A rich variety of cosmic
string solutions was demonstrated [23, 24] in the context of SO(10) unification
and has received fresh attention [25]. Furthermore, as the non-viability of several
models for electroweak baryogenesis is becoming apparent [26, 27, 28, 29], it is
interesting to search for new mechanisms for low-energy baryogenesis in other
unified models [7, 30].
As a particle physics model, we consider one of the most attractive extensions
of the standard electroweak model, based on the gauge group SU(2)L⊗SU(2)R⊗
U(1)B−L [14, 31]. Various models employing this gauge group are possible, de-
pending on which Higgs and fermion spectrum is chosen, and whether or not exact
discrete left-right symmetry is imposed. We are interested in the class of left-right
symmetric models described in [15, 31, 32]. Besides explaining the observed par-
ity violation of weak interactions at low energies, these models also provide an
explanation for the lightness of ordinary neutrinos, via the see-saw mechanism.
In this paper we investigate the minimal left-right symmetric model for the
presence of topological defect solutions. We begin with the phase in which only
the first stage of symmetry breaking SU(2)R ⊗ U(1)B−L → U(1)Y has occurred.
We show that the cosmic string solution exists in the high temperature phase
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of the theory where the electroweak symmetry is restored. These string defects
may either be destabilized at the electroweak phase transition or may acquire
additional condensates and continue to enjoy topological stability. We show that
the strings possess zero-energy modes of the right handed neutrino, and below
the electroweak scale, also those of the left handed neutrino. The model also
admits at least two kind of domain wall solutions which are stable only above the
electroweak scale.
In Sec. II, we describe the minimal left-right symmetric model. In Sec. III,
we discuss the possibility of producing cosmic strings and associated zero modes.
In Sec. IV, we discuss the domain wall solutions. Finally, Sec. V contains the
conclusions and the cosmological consequences of the defects.
II. LEFT-RIGHT SYMMETRIC MODEL
We consider the minimal SU(2)L ⊗ SU(2)R ⊗ U(1)B−L model with a discrete
left-right symmetry [15, 32, 33]. This model is formulated so that parity is a
spontaneously broken symmetry: the Lagrangian is left-right symmetric but the
vacuum is not invariant under the parity transformation. Thus the observed V-
A structure of the weak interactions is only a low energy phenomenon, which
should disappear when one reaches energies of order vR, where vR is the vacuum
expectation value of one of the Higgs fields.
According to left-right symmetric requirement, quarks (q) and leptons (ψ)are
placed in left and right doublets,
qL =
(
u
d
)
L
≡ ( 1
2
, 0, 1
3
) , qR =
(
u
d
)
R
≡ ( 0, 1
2
, 1
3
) ,
ψL =
(
νe
e
)
L
≡ ( 1
2
, 0,−1 ) , ψR =
(
νe
e
)
R
≡ ( 0, 1
2
,−1 ) , (1)
where the representation content with respect to the gauge group is explicitly
given. Since the weak interactions observed at low energies involve only the left
4
handed helicity components, the electric charge formula can be written in a left-
right symmetric form as
Q = T 3L + T
3
R +
B − L
2
, (2)
where T 3L and T
3
R are the weak isospin represented by τ
3/2, where τ 3 is the Pauli
matrix. Regarding the bosons, gauge vector bosons consist of two tripltes W µL ≡
(3, 1, 0), W µR ≡ (1, 3, 0) and a singlet Bµ ≡ (1, 1, 0).
The Higgs sector of the model is dictated by two requirements, the choice of
the symmetry breaking term and the desire to reproduce the phenomenologically
observed light masses of the known neutrinos via the see-saw mechanism. Then
the unique minimal set is
Φ =
(
φ01 φ
+
1
φ−2 φ
0
2
)
≡ ( 1
2
, 1
2
, 0 ) ,
∆L =


δ+
L√
2
δ++L
δ0L − δ
+
L√
2

 ≡ (1, 0, 2) ,
∆R =


δ+
R√
2
δ++R
δ0R − δ
+
R√
2

 ≡ (0, 1, 2) . (3)
where the scalar fields have been written in a convenient representation using 2×2
matrices.
The potential energy of the Higgs fields cannot have trilinear terms, This can
be seen as follows. Since the triplets ∆L and ∆R have nonzero B−L, these must
always appear in the quadratic combinations ∆†L∆L, ∆
†
R∆R, ∆
†
L∆R or ∆
†
R∆L.
These can never be combined with a single bidoublet Φ in such a way as to
form SU(2)L and SU(2)R singlets. However, quartic combinations of the form
Tr(∆†LΦ∆RΦ
†) are in general allowed by the left-right symmetry. According to
these strict conditions, the most general form of the Higgs potential is (see [32])
V = VΦ + V∆ + VΦ∆ , (4)
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with
VΦ = −
∑
i,j
µ2ijTr
(
φ†iφj
)
+
∑
i,j,k,l
λijklTr
(
φ†iφj
)
Tr
(
φ†kφl
)
+
∑
i,j,k,l
λ′ijklTr
(
φ†iφjφ
†
kφl
)
. (5)
V∆ = − µ2Tr
(
∆†L∆L +∆
†
R∆R
)
+ ρ1
[(
Tr(∆†L∆L)
)2
+
(
Tr(∆†R∆R)
)2]
+ ρ2
[
Tr
(
∆†L∆L∆
†
L∆L
)
+ Tr
(
∆†R∆R∆
†
R∆R
)]
+ ρ3
[
Tr
(
∆†L∆L
)
Tr
(
∆†R∆R
)]
+ ρ4
[
Tr
(
∆†L∆
†
L
)
Tr
(
∆L∆L
)
+ Tr
(
∆†R∆
†
R
)
Tr
(
∆R∆R
)]
. (6)
VΦ∆ =
∑
i,j
αijTr
(
φ†iφj
)
Tr
(
∆†L∆L +∆
†
R∆R
)
+
∑
i,j
βijTr
[
φiφ
†
j∆
†
L∆L + φ
†
iφj∆
†
R∆R
]
+
∑
i,j
[
γijTr
(
∆†Lφi∆Rφ
†
j
)
+ h.c.
]
. (7)
Note that, as a consequence of the discrete left-right symmetry, all terms in the
potential are self-conjugate, except for αij ; therefore αij is the only parameter
which may be complex. Since we will not discuss the CP violation aspect of
the generation of baryon asymmetry, we assume αij to be real. It can be shown
[33] that, without fine tuning, γij terms spoil the seesaw mechanism by inducing
a direct Majorana mass term for the left-handed neutrino. Therefore, we set
γij = 0 in our calculations. This choice will also avoid the unwanted presence of
large flavor changing neutral current (FCNC).
Moreover, only the neutral components of the scalar fields, φ01, φ
0
2, δ
0
L, δ
0
R,
can acquire vacuum values (vevs) without violating electric charge. If ∆L or ∆R
acquire a vacuum expectation value (vev), then B − L is necessarily broken, and
if < ∆L > 6=< ∆R >, parity breakdown is also ensured. Thus the following vevs
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are sufficient for achieving the correct pattern of symmetry breaking
Φ =
(
κ 0
0 κ˜
)
, ∆L,R =
(
0 0
vL,R 0
)
, (8)
where κ, κ˜, vL and vR are taken to be real, and phenomenologically the hierarchy
κ≪ vR, vL ≪ κ˜ is required.
Fermion masses are obtained from Yukawa couplings of quarks and leptons
with the Higgs bosons. For one generation of quarks q and leptons ψ, the couplings
are given by [32]
LY = hq q¯L φ qR + h˜q q¯L φ˜ qR
+ hl ψ¯L φψR + h˜
l ψ¯L φ˜ ψR
+ f
(
ψTL C
−1 τ2∆L ψL + ψ
T
R C
−1 τ2∆R ψR
)
+ h.c. . (9)
The Majorana mass terms allowed for the neutrinos are a source of lepton number
violation as well as CP violation. The couplings are also important for studying
fermionic zero-modes of cosmic strings.
III. COSMIC STRINGS AND FERMION
ZERO-MODES
In this section we discuss the cosmic string sectors occurring in this theory. In
the following we use the notation X = (1/2)(B−L). Consider first a pure SU(2)
theory with a two real triplet scalars which break the symmetry. A cosmic string
sector exists in this breakdown because the stability group of the vev is Z2. The
Z2 arises because the SU(2) element −I, negative of the identity, leaves invariant
the vev of the triplets [10].
Consider next the breakdown of SU(2)R × U(1)B−L due to ∆R. The scalar
field ∆R is complex and can be parametrized as
∆R = (~r + i~s).~τ , (10)
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where ~r and ~s are 3-dimensional real vectors and τa are the Pauli matrices. The
vev for ∆R in Eq. (8) implies that 〈~r〉 = (1, 0, 0) and 〈~s〉 = (0,−1, 0), in the
usual 3-dimensional basis. If SU(2)R alone were present, a cosmic string sector
would exist in this breakdown as discussed above. Fortunately, the inclusion of
U(1)B−L does not change this conclusion. To show this, suppose the cosmic string
ansatz is set up as usual by a path in SU(2)R connecting I to −I by 2π rotation
generated by a broken generator. We may try to unwind this using the surviving
gauge symmetry U(1)Y . But a 2π rotation generated by Y = T
3
R +X also leads
to a 2π winding in the U(1)B−L space. Thus the unshrinkable path persists.
This reasoning also shows that the Z expected from the breakdown of U(1)B−L
group by itself does not persist due to the presence of the SU(2)R. Rotation by
the unbroken generator Y identifies distinct sectors labelled by Z modulo the Z2
which survives the SU(2)R breakdown [34].
Consider next, the breakdown of the model to electromagnetism. If the only
additional field were ∆L, the residual symmetry would be Z2 × Z2 by a simple
extension of the previous arguments. Specifically, the Z2×Z2 elements are (I, I),
(−I, I), (I,−I), (−I,−I) in an obvious notation. However, the vev of the bidou-
blet Φ (Eq. (8)) is invariant only under (I, I), (−I,−I). The Z2 consisting of
these two elements is therefore a discrete symmetry of the low temperature the-
ory. In the following we set up ansatze for the cosmic strings both in the high
temperature and low temperature phases exploiting the Z2 relevant to each phase.
Let an infinite long string be oriented along the z axis and let θ be the angle
in the x-y plane. We construct a map U∞(θ) from the infinitely large circle,
(S1)∞, in the x-y plane into some one-parameter U(1) subgroup of the parent
group generated by a broken generator K. Consider first the high temperature
phase. Since T 3R and X are the diagonal generators of the parent group and Y
is preserved, the orthogonal combination Y˜ = T 3R − X is a good choice for K.
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Consider the general map given by
U∞(θ; p) = eipY˜ θ =
(
eipθ/2 0
0 e−ipθ/2
)
◦ e−ipθX , (11)
where p is a real parameter to be determined. The notation ◦ is to keep distinct the
U(1)B−L which is multiplicative from the SU(2)R whose action is adjoint. Since
SU(2)R acts on ∆R by similarity transformation, the resulting general scalar field
ansatz is
∆R(∞, θ; p) =
(
0 0
vRe
−i2pθ 0
)
. (12)
The minimal value of |p| required to make the ansatz single-valued is 1/2. Notice
that both the values ±1/2 of p belong to the same topological sector. For p =
+1/2, a rotation by π generated by Y deforms the path to be the entirely in
SU(2)R, connecting I to −I. For p = −1/2, the same is done by a Y rotation by
−π. For p = 1, U∞(θ) winds once around U(1)B−L and is a 2π rotation in SU(2)R.
This path can be deformed by U(1)Y to be a purely 4π rotation in SU(2)R and
thus it is trivial. By extending this reasoning to the values p = ±, 1,±2, · · ·, all
such maps can be reduced to the trivial sector. Similarly, all the paths with p =
±3/2,±5/2, · · · can be reduced either to the p = +1/2 or p = −1/2 path. Finally,
p = +1/2 is distinguished from p = −1/2 only by the sense of winding. Rotation
by π about any axis in the x− y plane makes them physically indistinguishable.
The ansatz for p = 1/2 can be extended to finite values of the radial coordinate
r as follows
∆R(r, θ) =
(
0 0
vRe
−iθ 0
)
fR(r) , (13)
where fR(r) is a real function of r satisfying fR(0) = 0 and fR(r)→ 1 as r →∞.
This completes the ansatz for the scalar field.
The ansatze for the gauge fields for r →∞ can be obtained from the generic
formula
Aµ = − i
g
U∞∂µU
†∞ , (14)
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where Aµ represents the gauge field, g is the gauge coupling constant and U
∞ is
given by Eq. (11). Accordingly, for p = 1/2
W 3Rθ(∞, θ) =
T 3R
2rg
, Bθ(∞, θ) = X
2rg′
, (15)
where g and g′ are the gauge couplings. At finite values of the radial coordinates
r, Eq. (15) should be replaced by
W 3Rθ(r, θ) =
T 3R
2rg
(
1− hR(r)
)
, Bθ(r, θ) =
X
2rg′
(
1− hB(r)
)
. (16)
The real functions hi(r) satisfy the following boundary conditions: hi(0) = 1 and
hi(r)→ 0 as r →∞, i = R,B.
After subsequent symmetry breaking, the above mapping U∞(θ) (i.e. the map
of Eq. (11) with p = 1/2) does not suffice to signal the nontrivial sector. The
low temperature vevs of the (1, 0, 1) field ∆L and the (1/2, 1/2, 0) field φ are
respectively (see Eq. (8))
∆L =
(
0 0
vL 0
)
, φ =
(
κ 0
0 κ˜
)
. (17)
These fields are not invariant under the action of U∞(2π). However, one may
think of this curve U∞(θ) as a projection to the subspace SU(2)R ⊗ U(1)B−L of
the more general curve
U˜∞(θ) = exp{i(T 3L + T 3R −X)θ/2} . (18)
It can be easily shown that the above mapping (p = 1/2), U˜∞(θ), leaves ∆R(∞, θ)
to be as in Eq. (12) and gives θ dependence to the ∆L vev as follows
∆L(∞, θ) =
(
0 0
e−iθvL 0
)
. (19)
Since the Φ vev is diagonal, it remains invariant under the action of the mapping
in Eq. (18). The reason for the topological stability of this sector is that U˜∞(2π)
belongs to (−I,−I) sector. The ansatze for gauge fields in the low temperature
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phase can be derived from Eq. (18). These are given by Eq. (16) and an additional
real function hL(r) for the W
3
L field.
An important conclusion of the discussion so far is that this model predicts
cosmic strings to exist at the present epoch. At earlier epochs, their dynamics
may be treated by methods that have now become standard [10]. An important
point emerges from our analysis. The vev of the bidoublet field Φ dicatates that
if ∆L vev lies in the nontrivial sector, so must the vev of ∆R. Hence no string can
exist without SU(2)R magnetic flux in its core. This is essential for estimating the
abundance of such strings at any epoch. Further, their string tension is dominated
by the scale vR.
There is an additional use of the path U∞(θ; p) identified in Eq. (11). If we
choose p = 1/4 rather than 1/2, we obtain ∆R(∞, 0) = −∆R(∞, 2π). We show in
the next section that such configurations can be the boundaries of domain walls.
Such domain walls separate regions with opposite signs for the vev of ∆R.
The cosmic strings also carry fermion zero-modes. The equation governing a
fermion field ψ in the background of a vortex has the form
i /Dψ +
δ
δψ¯
LY = 0 , (20)
where LY is given by Eq. (9), /D = γµDµ and the background gauge fields have to
be substituted in the covariant derivative Dµ.
The charged fermions do not couple to the ∆L, ∆R, and since φ vev remains
trivial as in Eq. (8), we find for the quarks and the leptons
γ0∂oψF + γ
i(∂i + iQ˜F (Abg)i)ψF −mFψF = 0 , (21)
where F is a label for the fermionic species, mF is the fermionic mass derived
from coupling to φ, Abg is the background gauge field and Q˜F is the value of
(T 3L + T
3
R − X) charge of the fermion. The presence of the mass term precludes
the possibility of zero mode solutions at low temperatures. Above the electroweak
scale, the φ vev disappears and Q˜ has to be replaced by Y˜ . The condition for
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existence of zero-energy normalizable solutions is that |Y˜ | > 1 [35]. The number
of zero modes is then equal to the largest integer less that |Y˜ |. The Y˜ charge of
the left handed leptons and the left handed quarks is 1/2 and −1/6 respectively
. For the right handed fermions uR, dR and eR it is 1/3, −2/3 and 0 respectively.
All of these fermions do not posses zero-energy modes coupled to cosmic strings.
For the left and right handed neutrinos, NL and NR, the equations of motion
are
∂0NL + τ
i
(
∂i + iQ˜L(Abg)I
)
NL − fvLe−iθNL = 0 ,
∂0NR + τ
i
(
∂i + iQ˜R(Abg)I
)
NR − fvRe−iθNR = 0 , (22)
where f was introduced in Eq. (9) and, vL and vR are the vevs of ∆L and ∆R
fields respectively. The existence and number of zero-modes is determined by the
θ-dependent scalar coupling. If θ windsm times around the unit circle, there arem
zero modes. Accordingly, both the neutrinos posses solitary zero modes. At higher
temperatures, 〈L〉 = 0 and the existence of the NL zero-modes is determined by
the Y˜ charge. This howerver is 1/2 and no zero modes result.
IV. DOMAIN WALLS
The minimal left-right symmetric model possesses more than one kind of domain
wall (DW) solutions. A solution for which the nonzero component of ∆R is pro-
portional to tanh(ax), x = 0 being the plane of the DW, is readily obtained.
This solution has ∆L = φ˜ = φ = 0 and is therefore trivial. A different, non-
trivial solution also exists, as can be seen by considering the full scalar potential
V (∆L,∆R, φ, φ˜) (see Eq. (4)).
We assume that the ansatz functions L(x), R(x), f(x) and f˜(x) are the nonzero
components of ∆L, ∆R, φ and φ˜ respectively. By minimizing the energy, the
equations of motion governing the wall configurations are
L
′′
(x) =
∂V
∂L(x)
, R
′′
(x) =
∂V
∂R(x)
, f
′′
(x) =
∂V
∂f(x)
, f˜
′′
(x) =
∂V
∂f˜(x)
, (23)
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where the prime means the derivative with respect to x. The boundary conditions,
as x→ ±∞, are
L(x)→ ±vL ,
R(x)→ ±vR ,
f(x)→ ±κ ,
f˜(x)→ ±κ˜ . (24)
(A) Left-right domain wall solutions
At tree level the Lagrangian is symmetric under the exchange ∆L ↔ ∆R,
reflecting the hypothesis of left-right symmetry. The vacuum values for these two
Higgs fields are vL and vR (see Eqs. (8) and (24)). It can be shown [32] that the
triplet part of the potential, defined in Eq. (6), takes the form
V (∆L,∆R) = −µ2(∆2L +∆2R) + (ρ1 + ρ2)(∆4L +∆4R) + ρ3∆2L∆2R . (25)
Upon parameterizing ∆L = v sinα and ∆R = v cosα, Eq. (25) reads
V (v, α) = −µ2v2 + v4
(
ρ1 + ρ2 +
1
4
β sin2(2α)
)
, (26)
where β = ρ3 − 2(ρ1 + ρ2).
The points (v, α) = (v0, 0) and (v0, π/2) with v0 =
√
µ2/2(ρ1 + ρ2) are the
minima, and
(√
2µ2/(ρ3 + 2(ρ1 + ρ2)), π/4
)
a saddle point, provided β > 0. Elec-
troweak phenomenology dictates that the latter condition be valid.
It is reasonable to assume that the effective potential continues to enjoy the
above discrete symmetry, since the same loop corrections enter for both the fields.
This means the symmetry is broken spontaneously at the left-right breaking scale,
providing requisite topological conditions for the existence of domain walls. As the
universe cools from the left-right symmetric phase, there are causally disconnected
regions that select either α = 0 or α = π/2. Thus the vevs are functions of position
and the two kinds of regions are separated by domain walls.
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We further define
σ(x) =
√
R(x)2 + L(x)2 , ξ(x) = tan−1
L(x)
R(x)
. (27)
Then the equations of motion take the form
d2σ
dx2
= −2µ2σ + 4σ3
[
(ρ1 + ρ2) +
1
4
β sin2 2ξ
]
− σ
(dξ
dx
)2
,
d
dx
(
σ2
dξ
dx
)
=
1
2
σ4β sin 4ξ . (28)
The boundary conditions appropriate to the DW are
σ(x)→ v0 as x→ ±∞ ,
ξ(x)→ 0 as x→ −∞ ,
ξ(x)→ π/2 as x→ +∞ , (29)
or alternatively,
R(x)→ v0 , L(x)→ 0 as x→ −∞ ,
R(x)→ 0 , L(x)→ v0 as x→ +∞ . (30)
In particular, for ρ3 = 6(ρ1 + ρ2), one finds an exact solution
R(x) =
v0
2
[
1− tanh(µx)
]
, L(x) =
v0
2
[
1 + tanh(µx)
]
. (31)
In terms of σ(x) and ξ(x) the exact solution is
σ(x) =
v0√
2
√
1 + tanh2(µx) , ξ(x) = tan−1
[1 + tanh(µx)
1− tanh(µx)
]
. (32)
If β is very small, then we get the approximate solution
σ2(x) =
µ2
2(ρ1 + ρ2)
, ξ(x) = tan−1
[
exp{µx
√
2β/(ρ1 + ρ2)}
]
. (33)
We have found a numerical solution for the domain wall configurations σ(x) and
ξ(x) by minimizing the energy for different values of the parameters in the po-
tential Eq. (26). Figure 1 shows the numerical result for the domain walls for
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ρ1 + ρ2 = 0.1, ρ3 = 0.9, µ
2 = 1 and β = 0.7. Figure 2 shows the results for
ρ1 + ρ2 = 0.05, ρ3 = 0.6, µ
2 = 1 and β = 0.5. Figure 3 shows the result for
ρ1 + ρ2 = 0.2, ρ3 = 0.5, µ
2 = 1 and β = 0.1. As we can see from the figures, as
β decreases, the solution approaches the approximate solution given by Eq. (33).
These results are confirmed by solving Eqs. (28) numerically.
At the electroweak scale, the effective potential does not respect left-right
symmetry due to the nature of the φ self coupling. One finds that vLvR ∼ κ2.
Upon choosing κ ∼ vEW with vEW denoting the electroweak scale, vL is driven to
be tiny. The Z2 guaranteeing the topological stability of the walls now disappears.
Energy minimization requires that the walls disintegrate.
There is a possibility that the left-right symmetry is not exact due to effects
of a higher unification scale. In that case, the R breaking minimum should be
energetically preferred by small amounts before the electroweak phase transition.
This will cause the domain walls to move around till the regions with the L
breaking false vacuum have been converted to the true vacuum. Some fraction of
the walls would then disappear before the electroweak scale is reached. The fate
of the surviving walls is the same as that discussed in the previous paragraph.
Further consequences are discussed in the next section.
(B) Domain wall solutions with φ condensate
In order to have the observed near-maximal parity violation at low energies,
we must have κ ≪ vR. Also, to avoid fine tuning in the potential we must have
κ˜ = 0. But vL ≪ κ˜, so we shall set vL = 0 [36]. So we are left with only two fields
∆R and φ. The field ∆R admit a domain wall solution where the field φ develops
a condensate in the core of the domain wall. The potential in Eq. (4) is simplified
to
V (φ,∆) = λC4φ4 − µ2κC2φ2 + ρ∆4R − µ2∆2R + αC2φ2∆2R , (34)
where λ = λ1 + λ
′
1, µ
2
κ = µ
2
11 + µ
2
22 , ρ = ρ1 + ρ2, α = α11 + α22 + β11 and
C = κ/vR (see Eq. (4)). Since the potential of Eq. (34) is invariant under the
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discrete symmetry ∆R ↔ −∆R, domain walls are formed when this symmetry is
spontaneously broken by field ∆R acquiring a nonzero vacuum expectation value
vR. At the electroweak scale the φ field acquires a vev κ and forms a condensate
inside the domain wall. We use, as before, the ansatz functions R(x) and f(x) for
the nonzero components of the fields ∆R and φ respectively, where the boundary
condition is R(x) → ±vR as x → ±∞. We choose the origin of x such that
R(0) = 0. We have minimized the energy for different values of the parameters in
the potential Eq. (34). Figure 4 shows the numerical results for the DW profile
for ρ = 0.5, λ = 0.01, α = µ2κ = 0.4, vR = 1.0 and C = 0.01 while Fig. 5 shows
the results for ρ = 0.3, λ = 0.1, α = µ2κ = 0.3, vR = 1.28 and C = 0.01. Finally,
Fig. 6 shows the results for ρ = 1.0, λ = 0.01, α = µ2κ = 0.0.01, vR = 0.7 and
C = 0.01.
It is interesting to consider the ultimate fate of these domain walls. As we
have shown in Sec. III, if only SU(2)R is broken, then a topologically unstable
cosmic string may be formed with ∆R(∞, 0) = −∆R(∞, 2π). Since the DW
has the boundary condition R(x) → ±vR(= ±∆R(∞, 0)) as x → ±∞, these
unstable strings will be the boundary of the DW. The dynamics of the cosmological
netwotks of string-bounded walls has been studied [37]. The walls eventually
shrink via surface tension, string intercommutation and nucleation of new string
loops. Thus they never dominate the energy density of the universe, and can have
interesting cosmological effects while they last.
V. CONCLUSIONS
From the point of view of a predictable baryogenesis, the left-right symmetric
model enjoys the advantage that the primordial value of the B − L number is
naturally zero, being the value of an Abelian gauge charge. The topological defects
studied here can play a significant role in baryogenesis through leptogenesis.
In the context of left-right symmetric models, mechanisms for electroweak
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baryogenesis that do not rely on topological defects have been investigated recently
[38, 39]. It has been shown that the parameters in the potential, for the minimal
model considered here, require unnatural fine tuning to provide sufficient CP
violation to expalin the observed baryon asymmetry.
It has been shown recently that spontaneous CP violation can occur in the min-
imal left-right symmetric model considered here [40]. However, baryogenesis with
only spontaneous breakdown of CP presents severe cosmological problems, due to
the formation of domain walls as a result of the breaking of a discrete symmetry.
Moreover, in order to generate baryon asymmetry, the scale of the spontaneous
CP violation and the scale at which the baryogenesis takes place must be different
[41]; otherwise, an equal amount of matter and anti-matter is generated. In the
minimal left-right symmetric model with spontaneous CP violation, both scales
coincide and therefore electroweak baryogenesis is not feasible.
Defect-mediated leptogenesis mechanisms also need enhanced CP violation.
For the present purpose we note that the σ field [38] does not alter the topological
considerations presented above since it is a gauge singlet and its main function
is to bias the potential of the field φ. The coupling of σ to both ∆L and ∆R
may be assumed to be identical due to left-right symmetry. Then the domain
walls present very interesting prospects. Their interaction with other particles in
the pre-electroweak scale plasma can result in leptogenesis. A model-independent
possibility of this kind was considered in [7]. More specific considerations also
appear in [42] and [43]. It is likely that the model is descended from a grand
unified theory. For this or for some other reason there may be a small asymmetry
between the L-preferring and R-preferring minima even above the electroweak
scale. If the energy density difference is suppressed by powers of the GUT mass,
the walls are still expected to be present long enough to bring about requisite
leptogenesis.
The case of exact left-right symmetry leads to domain walls that are stable
above the electroweak symmetry breaking scale. In this case the regions trapped
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in 〈∆〉L ∼ vR vacuum will become suddenly destabilized as the φ acquires a vev.
The destabilization can generate large amounts of entropy and the domains should
reheat to some temperature TH greater than vEW but less than vR. The possibil-
ity for baryogenesis from situations with large departure from thermal equilibrium
was considered by Weinberg[13]. It was argued that in such situations the asym-
metry generated should be determined by the ratio of time constants governing
baryon number violation and entropy generation respectively. In the present case
we expect leptogenesis from the degeneration of 〈∆L〉 due to the Majorana-like
Yukawa coupling mentioned in Sec. II. The generated lepton asymmetry can then
convert to baryon asymmetry through the electroweak anomaly. This possibility
will be studied separately.
We have also shown that model admits DW solutions if we impose the phe-
nomenological hierarchy vL ≪ κ˜, κ≪ vR, and avoid fine tuning in the potential.
The fields in this case are ∆R and φ. Domain walls are formed when ∆R field
acquires a non-zero vev. At the electroweak scale the φ field acquires a vev κ
and forms a condensate inside the domain wall. Since these domain walls formed
at the same scale as the unstable cosmic strings, the unstable strings will be the
boundary of the DW. These DW solutions are unstable: they will shrink and
disappear.
The cosmic strings demonstrated above can play several nontrivial roles in the
early universe. They can provide sites for electroweak baryogenesis as proposed
in [7]. It has also been proposed that the fermion zero modes they possess can
result in leptogenesis [30]. Equally interesting is the process of disintegration of
the unstable strings below the electroweak scale. The decay should proceed by
appearance of gaps in the string length with formation of monopoles at the ends
of the resulting segments. The free segments then shrink, realizing the scenario
of [44].
The left-right symmetric model considered here provides a concrete setting for
all of the above scenarios. Several new features that have been demonstrated can
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alter the scenarios qualitatively and merit further study.
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Figure Caption
FIG. 1. Domain wall solutions for ρ1 + ρ2 = 0.1, ρ3 = 0.9, µ
2 = 1 and
β = 0.7. The solid line is the ξ(x) field while the dashed line is the σ(x)
field.
FIG. 2. Domain wall solutions for ρ1 + ρ2 = 0.05, ρ3 = 0.6, µ
2 = 1 and
β = 0.5. The solid line is the ξ(x) field while the dashed line is the σ(x)
field.
FIG. 3. Domain wall solutions for ρ1 + ρ2 = 0.2, ρ3 = 0.5, µ
2 = 1 and
β = 0.1. The solid line is the ξ(x) field while the dashed line is the σ(x)
field.
FIG. 4. Domain wall solutions for ρ = 0.5, λ = 0.01, α = µ2κ = 0.4, vR = 1.0
and C = 0.01. The solid line is the R(x) field while the dashed line is the
f(x) field.
FIG. 5. Domain wall solutions for ρ = 0.3, λ = 0.1, α = µ2κ = 0.3, vR = 1.28
and C = 0.01. The solid line is the R(x) field while the dashed line is the
f(x) field.
FIG. 6. Domain wall solutions for ρ = 1.0, λ = 0.01, α = µ2κ = 0.01,
vR = 0.7 and C = 0.01. The solid line is the R(x) field while the dashed
line is the f(x) field.
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